Previous work established that increased expression of heat shock proteins (HSPs) in the vessel wall might evoke proinflammatory and autoimmune reactions in the pathogenesis of atherosclerosis. The present study was designed to further scrutinize the molecular mechanisms of HSP expression involving activation of heat shock transcription factors (HSFs) in atherosclerotic lesions in animal models. Severe atherosclerotic lesions developed in the aortas of rabbits 16 weeks after feeding a 0.2% cholesterol diet. When protein extracts from the aortas were subjected to Western blot analysis, the level of HSF1 in proteins from atherosclerotic lesions of hypercholesterolemic rabbits were significantly higher than those of normal vessels. Gel mobility shift assays revealed the formation of protein-heat shock element complexes containing HSF1 in protein extracts from atherosclerotic lesion. Furthermore, triglyceride-rich lipoprotein, oxidized-triglyceride-rich lipoprotein, low-density lipoprotein, and oxidized low-density lipoprotein did not activate HSF1 in cultured smooth muscle cells, whereas HSF1 was highly activated in cells treated with tumor necrosis factor-␣. Interestingly, mechanical stretching of smooth muscle cells resulted in HSF1 translocation from the cytoplasm to the nucleus and hyperphosphorylation followed by increased HSP70 expression. Thus, our findings provide the first evidence that HSF1 is activated and highly expressed in atherosclerotic lesions and that cytokine stimulation and disturbed mechanical stress to the vessel wall may be responsible for such activation. Atherosclerosis shares many similarities with chronic inflammatory and autoimmune disease.
Atherosclerosis shares many similarities with chronic inflammatory and autoimmune disease. 1, 2 In both conditions T lymphocytes and macrophages infiltrate into the lesions where they release several cytokines elaborating the lesion progression. 3 The presence of mast and dendritic cells and the aberrant expression of HLA class II antigen in endothelial cells and smooth muscle cells (SMCs) have been observed in atherosclerotic lesions. 4 -6 Furthermore, previous studies indicated the involvement of the complement system, 7 whereas recent reports established the role of autoantibodies in atherogenesis. 8 These findings support the concept that inflammatory and autoimmune mechanisms are crucial in the pathogenesis of atherosclerosis.
Heat shock proteins (HSPs) are a family of conserved proteins that are expressed in almost all types of mammalian cells. 9 According to their molecular mass, they are divided into HSP90, HSP70, HSP60, and small HSPs. Although HSPs are believed to localize within the cell, accumulating evidence indicates that HSP60 is expressed on the surface of cells. 10, 11 Recently, we 12 demonstrated that HSP60 is present in a soluble form in the circulation, which is positively correlated with the severity of atherosclerosis in a large population. Reports from several groups [13] [14] [15] [16] have demonstrated that recombinant HSPs stimulate endothelial cells, macrophages, and SMCs; produce proinflammatory cytokines, eg, tumor necrosis factor (TNF)-␣, interleukin (IL)-1, and IL-6; and express adhesion molecules, eg, E-selectin, ICAM-1, and VCAM-1. In the early 1990's we 8 provided the first evidence that anti-HSP60 antibody levels are associated with atherosclerosis. This was confirmed by many other groups. [17] [18] [19] [20] Interestingly, mucosal administration of HSP65 reduces atherosclerotic lesions in hyperlipidemic animals. Overexpression of host HSP60, HSP70, and HSP47 was demonstrated in atherosclerotic lesions coexisting with chlamydial HSP60. [21] [22] [23] [24] However, it is unknown whether heat shock transcription factor (HSF) is activated or overexpressed in atherosclerotic lesions.
HSFs interact with a specific regulatory element, the heat shock element (HSE), present in the promoters of HSP genes. 25, 26 In the cell, HSFs are constitutively present in a non-DNA-binding state; they are activated in response to various stresses to a DNA-binding form. This activation process seems to involve the oligomerization of HSF from a monomeric to a trimeric state and is associated with HSF hyperphosphorylation. 25, 26 Mouse HSF1 deficiency alters cardiac redox homeostasis and increases mitochondrial oxidative damage. 27 Whereas most of our knowledge concerning HSF activation and expression comes from studies in cultured cells in vitro, no data exists concerning its activation in the disease situation in vivo. To explore the molecular mechanisms of HSP expression in atherosclerosis, the present study was designed to investigate HSF activation and expression in vivo. We demonstrated that HSF1 was highly expressed as well as activated in atherosclerotic lesions of hypercholesterolemic animals. We provide evidence that proinflammatory cytokines and mechanical stress are primarily responsible for HSF activation in SMCs.
Materials and Methods

Animal Models for Atherosclerosis
All animal experiments were performed according to protocols approved by the Institutional Committee for Use and Care of Laboratory Animals. The procedure for establishing a rabbit model of atherosclerosis was similar to that described previously. 28, 29 In short, New Zealand White male rabbits received water ad libitum and were fed either a normal standard chow diet or a cholesterolenriched diet (0.2% w/w) for 16 weeks, as described previously. 28, 29 Animals were sacrificed by heart puncture under ketamine (25 mg/kg) and xylazine (5 to 10 mg/kg) anesthesia. Blood was collected for cholesterol assays. The aortas were carefully removed intact from the aortic arch to the iliac bifurcation, immediately put into cold phosphate-buffered saline (4°C), and prepared for histological analysis and protein extractions. For conventional histology, tissue fragments were fixed in 4% buffered formaldehyde (pH 7.2), embedded in paraffin, and sectioned for hematoxylin and eosin (H&E) staining. Serum cholesterol values were measured every 2 or 4 weeks using an enzymatic procedure (Sigma, St. Louis, MO).
Western Blot Analysis
The procedure used for protein extracts was similar to that described previously. 29 Briefly, the atherosclerotic intimal lesions and media were dissected on ice from the remaining adventitia with tweezers and scissors. Tissues were homogenized in a buffer (20 mmol Hepes, pH 7.4, 50 mmol/L ␤-glycerophosphate, 2 mmol/L EGTA, 1 mmol/L dithiothreitol, 1 mmol/L Na3VO4, 1% Triton X-100, 10% glycerol, 1 g/ml leupeptin, 100 mol/L phenylmethyl sulfonyl fluoride, and 1 g/ml aprotinin), and proteins were extracted. A similar procedure was used for preparation of protein extracts from cultured SMCs (see below). Proteins (10 or 50 g/lane) were separated by electrophoresis through a 7%, 10%, or 15% sodium dodecyl sulfate-polyacrylamide gel and transferred to a membrane. The membranes were processed with either rabbit anti-HSF1 antibodies 30, 31 
Cell Cultures
Rat vascular SMCs were cultivated from arteries using the procedure as described previously. 32 In short, thoracic aortas of rats were removed, and intima and media were carefully dissected from the vessel, cut into pieces (ϳ1 mm 3 ), and implanted onto a gelatin (0.02%)-coated plastic bottle (Falcon). The bottle was incubated up-sidedown at 37°C in a humidified atmosphere of 95% air/5% CO 2 for 3 hours, and then medium supplemented with 20% fetal calf serum, penicillin (100 U/ml), and streptomycin (100 g/ml) was slowly added. Cells were passaged by treatment with 0.05% trypsin/0.02% ethylenediaminetetraacetic acid (EDTA) solution. Experiments were conducted on SMCs that had just achieved confluence.
Low-Density Lipoprotein (LDL) and TriglycerideRich Lipoprotein (TRLP) Isolation and Oxidation
Blood samples were obtained 2 hours after the ingestion of a fat-rich meal from normolipidemic males aged 27 Ϯ 7 years. The patients did not suffer from any digestive or metabolic disease as verified by medical history. Blood was drawn under vacuum from a cubital vein into precooled vacutainer tubes (1 g/L EDTA-K 3 ). Triacylglycerolrich lipoproteins (TRLP) (d ϭ 0.934 to 0.989) were obtained from plasma as described previously. 33 Remnant lipoproteins were obtained with columns packed with immunoaffinity gel containing anti-apoA-1 and antiapoB100 (JI-H) monoclonal antibodies (Japan Immunoresearch Laboratories, Co., Ltd., Takasaki, Japan) conjugated to solid phase Sepharose-4B. Human serum was applied to the columns and then incubated for 20 minutes at room temperature. The unbound fraction containing apoE-enriched lipoproteins and albumin were eluted with 10 mmol/L of phosphate-buffered saline, pH 7.4. The remnant lipoprotein fraction was centrifuged at 100,000 ϫ g on an ultracentrifuge Beckman L8-70M (Beckman Instruments, Palo Alto, CA) to remove albumin. LDL (d ϭ 1.019 to 1.063 g/ml) was isolated by differential centrifugation using solid KBr to adjust the density as described previously. 34 remnant lipoproteins and LDL oxidation was performed by incubation of the lipoproteins (1 mg/ml) with 10 mol/L of CuCl 2 at 37°C for 18 hours. 35 Samples were immediately dialyzed against 10 mmol/L of phosphate saline buffer (pH 7.4) for 24 hours at 4°C. The extent of oxidation was assessed by measurement of TBARS (9.8 Ϯ 1.3 nmol/mg).
Cyclic Strain Stress Treatment
SMCs were plated on silicone elastomer-bottomed culture plates (Flexcell Co., McKeesport, PA). Cells were subjected to mechanical stress with the Cyclic Stress Unit as described previously. 36 In short, SMCs achieving 90% confluence were serum-starved for 3 days, and subjected to mechanical stress. Vacuum (15 to 20 kPa) was repeatedly applied to the elastomer-bottomed plates via the base plate, which was placed in a humidified incubator with 5% CO 2 at 37°C. Cyclic deformation (60 cycles/minute) and 15% elongation of elastomer-bottomed plates were used.
Gel Mobility Shift Assays
For atherosclerotic lesion analysis, whole protein extracts were used. For cultured cells, nuclear proteins were prepared. Subconfluent (80 to 90%) SMCs were treated with TRLP, LDL, cytokines, or mechanical stress for various time periods. For heat shock, cells were heated at 42°C for 30 minutes. The cells were washed and harvested with cold Tris-buffered saline (10 mmol/L Tris, 150 mmol/L NaCl, 1 mmol/L EDTA, pH 7.4). The cell pellet (2 to 3 ϫ 10 6 ) was incubated with 400 l of a cold buffer (10 mmol/L Hepes, 10 mmol/L KCl, 0.1 mmol/L EDTA, 0.1 mmol/L EGTA, 1 mmol/L DDT, 0.5 mmol/L phenylmethyl sulfonyl fluoride, pH 7.9) on ice for 15 minutes after pipetting. Then, 25 l (10%) of Nonidet P-40 was added, vortexed for 10 seconds, and centrifuged for 30 seconds at 13,000 rpm. The nuclear pellet was incubated with 50 l of cold buffer B (20 mmol/L Hepes, 0.4 mol/L NaCl, 20% glycerol, 1.5 mmol/L MgCl 2 , 1 mmol/L EDTA, 1 mmol/L EGTA, 1 mmol/L dithiothreitol, 1 mmol/L phenylmethyl sulfonyl fluoride, 1 g/ml leupeptin, 1 g/ml aprotinin, pH 7.9) at 4°C for 15 minutes on a shaking platform with vigorous rocking. The suspension was centrifuged for 5 minutes at 4°C at 13,000 rpm. The supernatant was collected as nuclear proteins and protein concentration was determined with the Bio-Rad assay.
The procedure for gel mobility shift assays has been described previously. 37, 38 In short, DNA binding was determined after incubation of 5 g of nuclear protein extract with 10 fmol of an oligonucleotide containing HSE sequence from the Drosophila hsp70 promoter (5Ј-GC-CTCGAATGTTCGCGAAGTTT-3Ј) labeled with 32 P-dATP. Reaction buffer contained 10 mmol/L Hepes, (pH 7.9), 1 mmol/L dithiothreitol, 1 mmol/L EDTA, 80 mmol/L KCl, 4% Ficoll, and 1 g poly(dIdC) (Pharmacia Biotech, Uppsala, Sweden) as a nonspecific competitor. Samples were electrophoresed through a 4% polyacrylamide gel in 0.5ϫ TBE (1ϫ TBE: 89 mmol/L Tris, 89 mmol/L boric acid, 20 mmol/L EDTA, pH 8.3), after which the gel was dried onto DE81 paper and exposed to autoradiographic film. Supershift assays were performed using antibodies generated against and specific to HSF1 and HSF2. The antibodies were added to samples after the initial binding reactions between protein extracts and oligonucleotides were allowed to take place.
Statistical Analysis
Statistical analyses were performed using the Mann-Whitney U-test. Results are given as mean Ϯ SD. A P value Ͻ0.05 was considered significant.
Results
Atherosclerotic Lesions in Rabbit Model
Blood cholesterol levels in rabbits receiving a 0.2% cholesterol diet were significantly elevated and reached 500 mg/dl at 4 weeks, and ϳ700 mg/dl at 16 weeks, whereas animals in the control group (chow diet) had blood cholesterol levels less than 100 mg/dl (Figure 1a ). Rabbit aortas from both groups were examined morphologically 16 weeks after chow or cholesterol feeding. H&E-stained sections from the vessel of a control animal revealed the normal intima containing a monolayer of endothelium as indicated by an arrow, and the media, major portion of the aorta (Figure 1b) . In cholesterol-fed rabbits, ϳ60% of aortic intima was covered by atherosclerotic lesions, including fatty streaks and plaques. Aortic lesions of rabbits fed with a cholesterol-enriched diet were characterized by cell proliferation, foam cell accumulation, and lipid deposition in the intima (Figure 1c) . Atherosclerotic lesions displayed the great variation of cell types and distribution. Immunohistological staining demonstrated that lesions contained SMCs, macrophages, and T lymphocytes (data not shown).
Elevated Protein Levels and Activities of HSF1
Because of the increased intensity of HSP70 and HSP60 immunostaining in lesions, 22, 24 it would be interesting to determine HSF1 protein levels in atherosclerotic lesions. Protein extracts from tissues of normal intima/media (I/M), intimal lesions (AS), and media (M) were analyzed by Western blot analysis. Abundant HSF1 proteins in athero- (Figure 2a, bottom) . The graphics in Figure  2 summarize data from five animals, implicating that HSF1 levels were fourfold to sixfold increased in atherosclerotic lesions. To determine whether a proportion of HSF1 in lesions was modified, a small amount of proteins (10 g/lane) was loaded in 10% gel, which allows better separation of proteins with moderate changes in molecular weight. HSF1 bands were hardly seen in proteins of normal vessels, because HSF1 protein was too little in a small amount of protein extracts (10 g/lane). Because of higher levels of HSF1 in lesions, two or three of the HSF1 bands were shifted to higher molecular weight species in protein extracts from atherosclerotic lesions (Figure 2b ), suggesting that HSF phosphorylation occurs in the lesions.
To determine whether HSF1 is activated, gel mobility shift assays using protein extracts from the vessels were performed. As shown in Figure 3a , levels of protein-DNAbinding activity were increased in atherosclerotic proteins compared to normal vessels. The specificity of DNA binding was determined by a competition experiment using cold oligonucleotides. Figure 3b shows the results of a gel mobility shift assay in the presence or absence of either an unlabeled HSE, or nuclear factor (NF)-B binding element. The increased binding activity in atherosclerotic proteins was specific for the HSE, as unlabeled HSE effectively competed for binding to the factor, whereas the NF-B-binding element did not (Figure 3b ). There is evidence to indicate that HSF1 and HSF2 mediate the HSP induction in response to different stimuli, 39 therefore, it was of interest to determine which of these HSFs were involved. We examined the composition of the DNA-binding complexes using antibodies to HSF1 and HSF2. Addition of the anti-HSF1 antibody to the binding reaction resulted in a complete shift of the binding complexes to a slower migrating species (Figure 3c ), whereas the anti-HSF2 antibody had no effect (data not shown). The supershift pattern of antibody-HSF1-DNA complexes is similar to that observed in heat shock-treated cells, 30, 38 ie, the complexes retarded within the well. These results indicate the presence of HSF1, but not HSF2, proteins in the HSE-binding complexes in protein extracts of atherosclerotic lesions.
HSF1 Was Activated by TNF-␣ and Mechanical Stress, but Not Lipoproteins in SMCs
TRLP and LDL are main lipoproteins carrying and transporting triglyceride and cholesterol in hyperlipidemic animals. They can be oxidized in the arterial wall. 40 To test whether TRLP, oxidized TRLP, LDL, and oxidized LDL can induce HSF1 activation, vascular SMCs were stimulated with human TRLP, oxidized TRLP, LDL, and oxidized LDL, and the gel mobility shift assays were performed. As shown in Figure 4a , TRLP, oxidized TRLP, LDL, and oxidized LDL did not induce HSF-DNA binding in SMCs, whereas heat shock treatment did. This coincided with results obtained by Western blot analysis (Figure 4b ). To confirm that the treatment of SMCs with lipoproteins was effective, we determined the phosphorylation of MAP kinase ERK1/2 in SMCs. ERK1/2 was activated 10 minutes after treatment with all types of lipoproteins.
Because lipoproteins had no effects on HSF1 activation, other atherosclerotic risk factors have to be responsible for this event. TNF-␣, a proinflammatory cytokine, is highly expressed in atherosclerotic lesions and may be involved in the development of atherosclerosis.
2,41 TNF-␣ was used to treat SMCs, and HSF activities were examined. The data shown in Figure 5 indicate that TNF-␣ treatment resulted in HSF1-DNA binding in SMCs, while H 2 O 2 treatment did not stimulate HSF activation ( Figure  5a ). There is evidence that altered hemodynamic (mechanical) stress plays a crucial role in the pathogenesis of atherosclerosis. 42 To study the effects of mechanical stress on HSF1 activation, an in vitro stretch model was used to mimic in vivo pathological conditions, eg, hypertension. Figure 5b shows data that indicates that mechanical stress markedly resulted in HSF1-DNA binding in SMCs. The increase in HSF activity in stretched SMCs was time-dependent (Figure 5b) . Furthermore, Western blot analysis revealed that HSF1 is translocated into the nuclei only in response to mechanical stress, because no protein was detectable in nuclear extracts from untreated SMCs (Figure 5c ). However, if whole cell proteins are used for Western blot analysis, HSF1 protein levels are similar between treated and untreated SMCs, but the band of stretched SMCs shifted to a slower species (Figure 5c,  right) . This HSF1 activation was followed by increased HSP70 production in mechanical stress-treated SMCs (Figure 5d) , suggesting that mechanical stress may play a crucial role in the activation of HSF1 and HSP expression.
Discussion
Atherosclerosis is an inflammatory-and immune-mediated disease, in which HSPs were repeatedly implicated to be crucial. 43 Several families of HSPs, including HSP70, HSP60, HSP47, and chlamydial HSP60, have been demonstrated to be expressed at high levels in atherosclerotic lesions. [21] [22] [23] [24] These highly expressed HSPs in lesions could promote disease progression via evoking proinflammatory and autoimmune responses. 43 Mucosal administration of HSP65 reduces atherosclerotic Figure 4 . TRLP, remnant lipoprotein, oxidized TRLP, LDL, and oxidized LDL do not activate HSF-DNA binding. a: Gel mobility shift assay for protein extracts from cultured SMCs. Rat SMCs were treated with TRLP, remnant lipoprotein, oxidized TRLP (100 g/ml), LDL, and oxidized LDL (100 g/ml) at 37°C for 1 hour. The cells were washed and harvested with cold Trisbuffered saline. Nuclear proteins were prepared as described in Materials and Methods and protein concentration was determined with a Bio-Rad assay. Protein extracts (5 g per lane) were incubated with a radiolabeled HSE oligonucleotide on ice for 20 minutes. The gel mobility shift assay was performed in 4% gel. Arrowhead indicates specific HSE-binding complexes. b: Western blot analysis. SMCs were treated with TRLP, remnant lipoprotein, oxidized TRLP, LDL, and oxidized LDL (g/ml) at 37°C for 12 hours. Protein extracts (50 g/lane) were separated on 10% sodium dodecyl sulfate-polyacrylamide gel, transferred onto a membrane, and probed with the antibody against HSF1. Immunocomplexes were visualized by a Western blot detection kit. c: Western blot analysis for ERK1/2. Protein extracts from cultured SMCs treated with lipoproteins were separated on 15% sodium dodecyl sulfate-polyacrylamide gel, transferred onto a membrane, and probed with the antibody against phospho-ERK1/2 and pan-ERK1/2. Blots were stripped between antibody incubations. Immunocomplexes were visualized by a Western blot detection kit. Ctl Ϫ , negative control without treatment; CtL ϩ , SMCs treated at 42°C for 30 minutes. lesions in animal models. 44 In the present study, we provide the first evidence of increased HSF1 activities in atherosclerotic lesions in vivo, which coincide with high levels of HSF1 proteins. These observations could be important to understand the molecular mechanisms of HSP expression in atherogenesis.
At present, four different HSFs have been identified, ie, HSF1, HSF2, HSF3, and HSF4. 45 HSFs are transcription products of four different genes. HSF1, HSF2, and HSF4 have been identified in human tissues. 45 HSF3 has only been described in chickens, in which it is involved in the tissue development. In response to stress stimuli, HSF1 is activated and translocated from cytoplasm into the nucleus in cultured cells. 46 We found increased HSF1, but not HSF2, in atherosclerotic lesions that was mainly localized in the nuclei, and the molecular weight of HSF1 from lesional extracts was larger than that of normal vessels. This indicated that HSF1 in lesions was phosphorylated (modified) and activated. Usually, HSF1 proteins in cultured cells do not markedly change in response to stress, eg, heat shock or mechanical stress (Figure 5c) . Surprisingly, we demonstrated that protein levels of HSF1 in atherosclerotic lesions were much higher compared to normal vessels, suggesting different mechanisms of HSF1 activation and regulation of HSP expression in vivo from in vitro cultured cells.
It is believed that LDL and oxidized LDL are important in the development of atherosclerosis. 40 Oxidized LDL possesses several proatherogenic properties, including interactions with several receptors, leading to the engorgement of cells with lipids, inhibition of endotheliumdependent vascular relaxation, cytotoxicity to proliferating cells, and stimulation of chemoattractant secretion. 40, 47 Oxidized LDL also triggers in vitro HSP60 expression in monocytes/macrophages, 48 and HSP70 in human endothelial cells 49 and SMCs. 50 Furthermore, TRLPs may be a key factor in the development of atherosclerosis. 51 Our data demonstrated that TRLP, oxidized TRLP, LDL, and oxidized LDL do not activate HSF1 in cultured SMCs, indicating that HSP expression induced by oxidized LDL was not regulated at a transcriptional level and that lipoproteins may not directly stimulate HSF1 activation in atherosclerotic lesions in vivo. However, oxidized LDL and oxidized TRLP may exert their role in HSF1 activation in vivo via stimulating cells producing a panel of cytokines 52 that result in HSF1 activation. In fact, it has been found that TNF-␣ is present in high concentrations in atherosclerotic lesions.
2, 41 We demonstrate that TNF-␣ can activate HSF1 in SMCs, supporting the role of cytokines in HSF1 activation in atherosclerotic lesions.
In vivo, the vessel wall is exposed to two main hemodynamic forces or biomechanical stress: shear stress, the dragging frictional force created by blood flow, and mechanical stretch, a cyclic strain stress created by blood pressure. 42, 53 Shear stress stimulates endothelial cells to release nitric oxide 54 and prostacyclin, 55 resulting in vessel relaxation and protection of vascular cells, whereas SMCs are stimulated by stretch or cyclic strain stress. 56 In humans, atherosclerotic lesions occur preferably at bifurcations and curvatures 57 where hemodynamic force is disturbed, ie, lower shear stress and higher mechanical stretch. 58 Therefore, mechanical stretch could be a crucial factor in the pathogenesis of atherosclerosis. Using an in vitro mechanical stress model, we provide evidence that mechanical forces evoke rapid activation of HSF1 in SMCs, followed by elevated HSP70 protein levels. Interestingly, SMC lines stably expressing dominant-negative rac (rac N17) abolished HSP protein production and HSF1 activation induced by mechanical forces, whereas a significant reduction of HSF1 activities was seen in ras N17 transfected-cell lines. 59 Therefore, mechanical stretch-induced HSF1 activation was regulated by rac/ras GTP-binding proteins 59 that may be primarily responsible for HSF1 activation seen in atherosclerotic lesions.
It is believed that HSFs are constitutively present in a non-DNA-binding state; they are activated in response to various stresses to a DNA-binding form. This activation process appears to involve the oligomerization of HSF from a monomeric to a trimeric state, but not de novo HSF protein production. 25, 26 Surprisingly, we found that HSF1 protein levels in atherosclerotic lesions are much higher than normal vessels, indicating increased HSF1 protein production. How HSF1 induction is regulated, at the present, is unknown. We postulate that a special microenvironment of atherosclerotic lesions may require a large amount of HSF1 to maintain a high level of constitutively expressed HSPs. Supporting this hypothesis is the observation that SMCs have a similar amount of HSF1 proteins between treated and untreated controls, suggesting the importance of in vivo microenvironment of the vessel wall in regulation of HSF1 production. Thus, one should be cautious with the interpretation of in vitro data to in vivo situations.
In summary, risk factors for atherosclerosis, such as biomechanical stress and cytokines induced by hypercholesterolemia, directly stimulate cells of the arterial wall to express high levels of HSF1, which leads to increased expression of HSPs. Pathologically, overstimulation by the risk factors results in cell death, which releases intracellular HSPs into intercellular spaces to form soluble HSPs that lead to proinflammatory and autoimmune responses. Both of these contribute to the development of atherosclerosis. Our findings of HSF1 activation in vivo and in vitro could help us to understand better the molecular mechanisms of HSP involvement in atherogenesis.
